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RemovalAbstract In this work, ferric oxide nanoparticle decorated carbon ﬁbers and carbon nanotubes
(CNF/Fe2O3 and CNT/Fe2O3) were synthesized and characterized by scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), energy dispersive X-ray spectroscopy (EDS), transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD), zeta potential and BET surface area
analyzer. The prepared nanocomposites were evaluated or the removal of phenol ions from aqueous
solution. The effects of experimental parameters, such as shaking speed, pH, contact time, adsor-
bent dosage and initial concentration, were evaluated for the phenol removal efﬁciency. The adsorp-
tion experimental data were represented by both the Langmuir and Freundlich isotherm models.
The Langmuir isotherm model best ﬁtted the data on the adsorption of phenol, with a high corre-
lation coefﬁcient. The adsorption capacities, as determined by the Langmuir isotherm model were
512 H.A. Asmaly et al.0.842, 1.098, 1.684 and 2.778 mg/g for raw CNFs, raw CNTs, CNF–Fe2O3 and CNT–Fe2O3,
respectively.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Phenolic compounds are generated in pulp and paper, petro-
leum reﬁnery, dye synthesis, coal gasiﬁcation and pharmaceu-
tical industries and have been identiﬁed as common
contaminants in wastewaters. Phenols have found application
in the production of wide varieties of phenolic resins, used in
construction of automobiles and appliances, adhesives and
epoxy resins, as well other various applications [1]. Due to
the harmful nature of phenols and their potential hazardous
effects on human health, they have been classiﬁed as toxic pol-
lutants. Hence, it is required by the US Environmental
Protection Agency (EPA) regulations to lower phenol content
of wastewater below 1 ppm [2].
Various techniques have been developed for the phenol
removal from wastewater, such as electrochemical oxidation
[5], adsorption [3–6], wet air oxidation [7,8], chemical coagula-
tion [9], solvent extraction [10], membrane separation [11,12],
bioremediation [13,14] and photo catalytic degradation
[15,16]. Traditionally, activated sludge has been widely
employed for the removal of phenol from wastewater because
of its relatively low cost and straightforward process [17].
However, this method is not efﬁcient for the treatment of
wastewater with high concentration of phenol due to low
biodegradability. In addition, the regeneration process of the
adsorbent is not only expensive, but also very complex [3,18].
The application of adsorption for phenol treatment in
wastewater is favored by its potential to remove both organic
and inorganic constituents, even at low concentrations.
Adsorption has the advantage of its relative ease of operation
both in batch and continuous operation, the absence of sludge
formation, potential of regenerative reuse of adsorbent and
availability of low cost adsorbent materials [12]. Carbon-
based adsorbent materials, which are hydrophobic and non-
polar, have good potential for phenol removal in wastewater.
Their large surface area, well developed porosity and tunable
surface-containing functional groups are features that
enhanced their adsorption efﬁciency [12,13].
Various nanomaterials have been investigated recently for
prudential applications in various ﬁelds. Carbon nanotubes
have been employed for the removal of heavy metals [18]
and organic compounds [19] from water. Metal oxides deco-
rated with metal particles have shown photocatalytic, optical
and visible light photoelectrochemical performance [20–23].
In this work, ferric oxide impregnated carbon ﬁbers and car-
bon nanotubes were employed for the removal of phenol from
water. Surface of the CNFs and CNTs were modiﬁed with ferric
oxide, to study its effect on phenol adsorption. The physico-
chemical properties of the modiﬁed and unmodiﬁed CNFs and
CNTs were determined using SEM, EDS, TEM, XRD, zeta
potential, BET surface area analysis and TGA. The effects of
experimental parameters, such as adsorbent dosage, contact
time, pH, initial phenol concentration and shaking speed on
the removal of phenol, were investigated.2. Experimental
2.1. Adsorbent impregnation
Carbon ﬁbers (CNFs) and carbon nanotubes (CNTs) used in
this study were purchased from Nanostructured and
Amorphous Materials, Inc. USA. The CNFs had 95% purity,
outside diameter of 200–500 nm and length ranging from 10 to
40 lm, while the CNTs had 95% purity, outside diameter of
10–20 nm and length ranging from 1 to 10 lm.
Ferric oxide (Fe2O3) from ferric nitrate Fe (NO3)2Æ6H2O
was impregnated onto 5 g of the CNFs and CNTs in ethanol
(98% purity), followed by sonication (110 V at 40% ampli-
tude) and calcination at 350 C for 3 h. For 10% iron oxide
1.443 g of pure ferric nitrate [Fe (NO3)3Æ9H2O] was dissolved
in 300 mL ethanol. An amount of 1.8 of CNTs/CNFs was also
dissolved in 400 mL of absolute ethanol. Both solutions were
sonicated for 45 min separately and then mixed together.
The resultant mixture was again sonicated for 1 h at room tem-
perature. The mixture was then kept in an oven to evaporate
the ethanol. The aim of ultrasonication is to have a complete
and homogeneous wetting of the particles during impregnation
and hence decreasing the possibility of agglomeration due to
the formation of clumps of liquid [9]. The residue was then cal-
cinated for 3.5 h at 350 C in furnace to get CNTs/CNFs
impregnated with 1% iron oxide.
2.2. Characterization
The prepared materials have been characterized using scanning
electron microscopy–energy dispersive X-ray spectroscopy
(SEM–EDS), Back scattering FE-SEM, TEM, thermo-
gravimetric analysis (TGA), BET surface area analyzer
Micrometrics ASAP 2020, zeta potential, and X-ray dif-
fraction (XRD).
2.3. Preparation of stock solution
Stock solution of phenol with initial concentration of 2 ppm
was prepared by serial dilution of 1000 ppm solution. First
1000 mg of phenol was dissolved in 1 L deionized water.
Solvents (1.0 M nitric acid and 1.0 M sodium) were used to
adjust pH of the stock solution. Solution pH was maintained
during the experiments by the addition of buffer solutions.
2.4. Batch adsorption studies
Batch adsorption experiments were performed at room tem-
perature to study the effects of pH, contact time, adsorbent
dosage and shaking speed on the phenol adsorption efﬁciency
by the raw and decorated ones with ferric oxide (CNF–Fe2O3).
The concentrations of phenol were analyzed using UV–VIS
and the percentage removal was calculated as:
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Ci
 100 ð1Þ
Adsorption Capacity; qe ðmg=gÞ ¼
Ci  Ce
Ms
 V ð2Þ
where Ci is the initial concentration of phenol ions in the solu-
tion (mg/L), Ce is the concentration of phenol ions in solution
(mg/L), V is the total volume of solution (L) and MS is the
carbon dosage (g).
2.5. Adsorption isotherm models
The Langmuir isotherm model is based on the assumption of
monolayer adsorption from the homogenous surface. While
Freundlich isotherm model assumes adsorption from heteroge-
neous surface, with non uniform heat distribution on the
surface.
The Langmuir and Freundlich models can be expressed
mathematically by Eqs. (3) and (4), respectively:
Ce
Qe
¼ 1
QmaxKL
þ Ce
Qmax
ð3Þ
LogQe ¼ LogKf þ
1
n
 
Log ðCeÞ ð4Þ
where Qe (mg/g) = amount adsorbed (mg/g). Ce (mg/L) =
equilibrium concentration of phenol in the liquid phase.
Qm (mg/g) =maximum adsorption capacity. KL=Langmuir
constant. Kf and n are the Freundlich constants.
3. Results and discussions
3.1. Characterization
3.1.1. Scanning electron microscopy–energy dispersive X-ray
spectroscopy (SEM–EDS)
The raw and ferric oxide decorated carbon ﬁbers (CNF–
Fe2O3) and carbon nanotubes (CNT–Fe2O3) were character-
ized using scanning electron microscopy (SEM).
Fig. 1 shows the SEM images of raw and doped CNFs. The
elemental composition of the CNF–Fe2O3 was obtained using
the EDS, and showed the presence of metal oxide nanoparti-
cles on CNFs. Table 1 shows a summary of the results of
EDS analysis, while Fig. 2 shows EDS spectrum of CNF–
Fe2O3. It was observed that the oxygen content of the CNF–
Fe2O3 is higher than that of the raw CNFs, which is attributed
to the presence of oxygen containing metal oxide to CNF
surface.
Fig. 1(c and d) displays the SEM images of CNTs and
CNT–Fe2O3. The white spots in the SEM image of CNT–
Fe2O3 show the iron oxide particles, as conﬁrmed by EDS
analysis. The outcome of the analysis is shown as EDS spec-
trum in Fig. 2b. Table 1 indicates the weight percentages of
the elements.
Back scattering FE-SEM image of CNT–Fe2O3 was taken
in order to verify the presence of nanoparticles ions on the sur-
faces of the CNTs as shown in Fig. 3a. The distribution of
Fe2O3 nanoparticles on the nanotube surface was observed
as white crystal structures of Fe2O3 nanoparticles with a small
average size. It can be seen that Fe2O3 nanoparticles spread
widely on the surfaces of carbon nanotubes forming smallcrystal particles with diameters varying from 1 to 5 nm.
TEM was used to characterize the structure and size of nan-
otubes and iron nanoparticles on the surfaces. Fig. 3b and c
shows TEM images of raw and doped CNTs. It was found that
the iron nanoparticles cover the surfaces the CNTs with an
average particle size 6 nm. TEM image of raw CNTs
(Fig. 3b) shows that it is a highly ordered structure with a
diameter range of 10–30 nm. Fig. 3c shows the TEM image
of CNTs impregnated with iron nanoparticles. The diameter
of the Fe2O3 nanoparticles ranges from 1 to 2 nm with
spherical shape and homogeneous distribution.
3.1.2. Thermogravimetric analysis (TGA)
The raw and ferric oxide decorated carbon ﬁbers (CNF–
Fe2O3) and carbon nanotubes (CNT–Fe2O3) were character-
ized using thermogravimetric analysis (TGA). The analysis
was performed under air with a heating rate of 10 C/min.
As shown in Fig. 4a, the initial degradation of CNF–Fe2O3
is lower than raw CNFs. The sample weight is reduced to
almost 0.32% and 3% for CNFs and CNF–Fe2O3, respectively
at 900 C. This is due to the fact that all carbonaceous materi-
als have been removed and a small amount of metal is left
behind. Thermal degradation of the raw and impregnated
CNTs was studied using thermogravimetric analysis (TGA).
Fig. 4 shows the TGA curves for the CNTs and CNT–Fe2O3
under air with a heating rate of 10 C/min. The initial degrada-
tion temperature of CNTs was found to be 550 C, while the
maximum weight loss occurred at about 600 C and degrada-
tion completes at about 670 C. While for CNT–Fe2O3, the ini-
tial oxidation temperatures start at 500 C, reaching a
maximum weight loss of at about 550 C. It can also be
observed that the amount reaming after heating the CNTs
and CNFs up to 900 C is higher than the raw forms of
CNTs and CNFs. This may be attributed to the iron oxide
content that is left behind after evaporation of carbon
material.
3.1.3. Brunauer Emmett Teller (BET) surface area analysis
Surface area of the CNFs, CNT–Fe2O3 and CNF–Fe2O3 was
measured using BET surface area analyzer Micrometrics
ASAP 2020. The results are interpreted based on the adsorp-
tion–desorption of N2 at 77 K. The BET surface area values
obtained for the CNTs and CNT–Fe2O3 were 155.5 and
227.5 m2/g, respectively, as shown in Fig. 4c–d. The BET sur-
face area of the CNFs and CNF–Fe2O3 was found to be 40.7
and 72.4 m2/g, respectively. The high surface area of CNF–
Fe2O3 suggests that additional adsorption sites are available
due to attachment of Fe2O3 nanoparticles to CNFs surface.
The BET surface area values obtained for the CNTs and
CNT–Fe2O3 were 155.5 and 227.5 m
2/g, respectively. This
indicated that the iron oxide nanoparticles doped on the sur-
face of CNTs, as shown by SEM and TEM images, enhanced
their surface area and hence increased the number of sites for
adsorption.
3.1.4. Zeta potential
Zeta potential can be used to measure the electrical potential
on the adsorbent surface. From the values of zeta potential
at different pH, surface acidity or basicity and isoelectric point
can be determined. The values of the zeta potential can also be
used to predict the stability of colloidal dispersions. It is a
Figure 1 SEM micrographs of (a) raw CNFs (b) CNF–Fe2O3(c) pure CNTs (d) CNT–Fe2O3.
Table 1 EDS analysis of CNFs, CNF–Fe2O3, CNTs and
CNT–Fe2O3.
Element Raw CNFs CNF–Fe2O3 Raw CNT CNT–Fe2O3
C 97.86 91.41 98.50 83.65
O 1.82 6.13 3.50 14.01
Fe – 2.14 – 2.34
Total% 100 100 100 100
514 H.A. Asmaly et al.measure of the degree of repulsion between similarly charged
particles. Zeta potential of the regular and impregnated
CNTs has been measured using Zeta Sizer Nano Z from
Malvern. Particles with low values of zeta potential will
agglomerate, while high zeta potential particles are electrically
stable.
The value of zeta potential for pure CNTs was higher than
CNT–Fe2O3, so it will tend to aggregate in solution forming
big particles due to strong van der Waals interaction between
the particles. It can also be observed that the pH of thesolution also affects the zeta potential values by changing the
nature of particles in the solution. Impregnation of CNTs
has reduced the zeta potential values and phenol ions’ adsorp-
tion efﬁciency, increased due to electrostatic interaction of
phenol ions and CNT surface.
3.1.5. X-ray diffraction (XRD)
The XRD patterns were recorded using X-ray diffractometer,
equipped with Cu KR radiation (40 kV, 20 mA) at a rate of
1.0/min over the range of 10–80 (2a). The XRD pattern for
the doped CNTs indicated that there is one characteristic peak
of CNTs that was observed at 2h of 27, while other character-
istic peaks were found at 2h, 34.36, 42, 50, 54, 63, 65, 72 and 75
which correspond to Fe2O3. These results revealed that the
Fe2O3 particles were successfully attached to the CNTs.
3.2. Effect of operating variables
3.2.1. Effect of pH
The solution pH is a critical variable in the adsorption of ions
from aqueous solution. It inﬂuences not only the surface
Figure 2 EDS spectrum of CNF–Fe2O3 and CNT–Fe2O3.
Figure 3 (a) Back scattering FE-SEM images for CNT–Fe2O3 (b) TEM image of CNTs (c) TEM image of CNT–Fe2O3.
Ferric oxide nanoparticles decorated carbon nanotubes and carbon nanoﬁbers 515binding sites of the adsorbent but also the adsorbate chemistry
in water. The extent of phenol removal was evaluated at a pH
from 2 to 9, while all the other parameters including contact
time, adsorbent dosage, and initial concentration and shacking
speed were kept constant at 2 h, 50 mg, 2 ppm and 100 rpm,
respectively.
The highest removal efﬁciency of phenol was observed at
pH 7, with the percentage removal of 30.8% and 72.2% by
CNFs and CNF–Fe2O3, respectively. However, at pH above
7, a decrease in the percentage removal was observed for both
raw CNFs and CNF–Fe2O3.Similarly, the extent of dephenolation by CNTs and CNT–
Fe2O3 was also evaluated in the pH range from 2 to 9. It can be
seen that the highest removal efﬁciency of phenol was observed
at pH 7, with the percentage removal of 46% and 74.8% by
CNTs and CNT–Fe2O3, respectively. The percentage removal
of phenol remains almost constant for CNT–Fe2O3 at pH
above 7, however, a decrease in the percentage removal was
observed for raw CNTs at higher pH.
This decrease in the percentage removal of phenol at higher
pH by raw CNFs can be explained on the basis of ionic chem-
istry of the solution and surface charge of the CNFs. Phenol is
Figure 4 Thermogravimetric analysis (TGA) for (a) pure CNF, CNF–Fe2O3 and (b) CNT, CNT–Fe2O3; and adsorption–desorption
curves of N2 at 77 K for (c) CNT–Fe2O3 (d) CNF–Fe2O3.
516 H.A. Asmaly et al.a weak acid (pKa = 10) and will be adsorbed to a less extent at
higher pH. Therefore, at higher pH, the repulsive forces
between the negatively charged surface of CNFs and phenol
are responsible for low adsorption. While at lower pH (below
7), the presence of more positive ions on the surface of CNFs,
leads to electrostatic interaction with the phenolate ions and
enhanced the adsorption. It is also important to note that at
higher pH, some other mechanisms like physical adsorption
might occur, which can also affect the ion exchange process.
The removal efﬁciency of phenol by CNF–Fe2O3 is higher than
CNFs for the same pH values [9,13].
The higher removal of CNT–Fe2O3 can be explained by
its higher surface area which provides more adsorption sites
for phenol ions in addition to the pi–pi electron-donor–
acceptor (EDA) interaction and/or hydrophobic effect can
be considered to interpret the sorption mechanisms of phe-
nol on carbon-based materials. Banat et al., [13] and
Halouli et al., [9] reported similar pH behaviors in phenol
adsorption onto activated charcoal and bentonite clay,
respectively.
3.2.2. Effect of shaking speed
The shaking speed is considered an important factor in the
adsorption process. Agitation facilitates a proper contact
between ions in the solution and adsorbent binding sites and
thereby promotes effective diffusion of ions toward the adsor-
bent surface. The shaking speed was varied between 50 and
250 rpm. The removal efﬁciency of phenol increases withincrease in shaking speed and maximum removal was achieved
at 150 rpm for both CNFs and CNF–Fe2O3. This can be
attributed to the effective transport of phenol ions toward
the CNFs and CNF–Fe2O3 occurred, due to less resistance
to diffusion at higher shaking speed.
However, no signiﬁcant change in removal efﬁciency was
achieved beyond 200 rpm, which might be due to the satura-
tion of adsorption sites. It is worth mentioning that the
removal by CNF–Fe2O3 was higher (79%) than the raw
CNFs (64.6%) at the same value of shaking speed. This obser-
vation was attributed to the improved contact between the
phenol ions in the solution and the presence of more active
adsorption sites on the CNF–Fe2O3 surface [14–15]. Shaking
facilitates a proper contact between ions in the solution and
adsorbent binding sites and thereby promotes effective diffu-
sion of ions toward the adsorbent surface. The range of shak-
ing speed used in this study was from 50 to 250 rpm, while all
the other parameters including contact time, adsorbent dosage,
initial concentration and pH were kept constant at 150 min,
50 mg, 2 ppm and 7, respectively.
The effect of shaking speed on the removal efﬁciency of
CNTs and CNT–Fe2O3 was studied. The results showed that
the removal efﬁciency of phenol increases with increase in
shaking speed and maximum removal by both CNTs and
CNT–Fe2O3 was achieved at 150 rpm. This can be justiﬁed
by the fact that an effective transport of phenol ions toward
the CNTs and CNT–Fe2O3 occurred, due to less resistance
to diffusion at higher shaking speed [14–16].
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In order to study the effect of contact time on the removal efﬁ-
ciency of phenol and to determine the equilibrium time for
maximum uptake of phenol ions by CNFs and CNF–Fe2O3,
experiments were performed under contact times from 0 to
710 min. All the other parameters including shaking speed,
adsorbent dosage, initial concentration and pH were kept
constant at 100 rpm, 50 mg, 2 ppm and 7, respectively.
A gradual increase in phenol removal efﬁciency was
observed to increase in time for all the adsorbents still 2 h, at
which the optimum adsorption was attained. This observation
was attributed to the adsorption equilibrium phenomenon,
whereby the rate of adsorption was higher than the rate of des-
orption up to 2 h of contact time, which is the equilibrium
adsorption point. At this time, the rate of adsorption and des-
orption were same and no further removal of phenol from the
solution was achieved. Also, a clear desorption of phenol from
both the adsorbents was observed after 2 h due to the satura-
tion of the active sites on the surfaces of adsorbents. An
increase in adsorption of phenol ions to increase in contact
time may also be due to the decrease in boundary layer
resistance of the hydrate layer [16].
Furthermore, the phenol removal efﬁciency of CNF–Fe2O3
was higher than CNFs at same contact time. The maximum
phenol removal efﬁciency by CNF–Fe2O3 and CNFs was
79% and 43.6%, respectively. The phenol removal efﬁciency
of CNT–Fe2O3 was higher than CNTs at same contact time.
The maximum phenol removal efﬁciency by CNT–Fe2O3 and
CNTs was 86.3% and 62.7%, respectively.3.2.4. Effect of dosage
The dosages of adsorbents were varied from 10 to 500 mg,
keeping all other experimental parameters constant. The per-
centage removal of phenol was observed to increase with an
increase in the adsorbent dosages, with maximum removal at
400 and 200 mg for CNFs and CNF–Fe2O3, respectively.
Doped CNFs removed almost 100% of phenol ions at a
dosage of 200 mg, while pure CNFs were able to remove
89.3% of phenol ions at 400 mg. This showed the excellent
removal efﬁciency of phenol by CNF–Fe2O3 even at lower
adsorbent dosage.
There was an increase in the phenol removal efﬁciency with
the increase in dosage to 200 and 400 mg for CNFs and CNF–
Fe2O3, respectively. Beyond this dosage, no notable increase in
removal was observed with further increase in dosage. This
observation was attributed to increase in the number of active
adsorption sites until the optimum dosage was attained.
Removal efﬁciency remained constant beyond the optimum
dosage of 200 and 400 mg for CNFs and CNF–Fe2O3, respec-
tively. This might be due to conglomeration or overlapping of
the active adsorption sites at dosages beyond the optimum
[17].
The doses of the CNTs were varied from 10 to 400 mg,
while all the other parameters including shaking speed, contact
time, initial concentration and pH were kept constant at
150 rpm, 150 min, 2 ppm and 7, respectively. The percentage
removal of phenol was observed to increase with an increase
in the adsorbent dosages, with maximum removal at 350 and
200 mg for CNTs and CNT–Fe2O3, respectively. Doped
CNTs removed almost 100% of phenol ions at a dosage of
200 mg, while the amount of pure CNTs required for completeremoval of phenol ions was 350 mg. This showed almost 75%
enhancements in the removal efﬁciency of phenol by CNT–
Fe2O3.
3.2.5. Effect of initial concentration
The effect of the initial concentration of phenol ions on the
removal extent of phenol was also studied. The initial concentra-
tion of phenol in the solution was varied between 2 and 10 ppm,
while all the other parameters were kept constant during the
experiment, Fig. 5. Almost 100% phenol removal was obtained
using an initial concentration of 2 ppm for both CNFs and
CNF–Fe2O3. However, increasing the initial phenol concentra-
tion in the solution resulted in a decrease in the removal efﬁ-
ciency of the phenol by both CNFs and CNF–Fe2O3.
This observation is reasonable due to the high amount of
phenol ions with limited active adsorption sites on the adsor-
bent surfaces, which leads to increase in the concentration of
phenol ions in the bulk solution and thus decreased the
removal of phenol. This decrease in phenol uptake with an
increase in phenol concentration is logical, because the time
required to attain equilibrium was expected to be longer at
higher concentrations than at lower concentration. It is inter-
esting to note that the doped CNFs still have higher removal
efﬁciency than the raw CNFs for the same value of initial phe-
nol concentration. This can be justiﬁed on the basis of avail-
ability of more adsorption sites and higher surface area of
CNF–Fe2O3. Therefore, more ions can be adsorbed on the sur-
face compared to raw CNFs at higher phenol concentration
and hence higher removal efﬁciency was observed. It was
observed that almost 100% phenol removal was obtained
using an initial concentration of 2 ppm for both CNTs and
CNT–Fe2O3. However, increasing the initial phenol concentra-
tion in the solution resulted in a decrease in the removal
efﬁciency of the phenol by both CNTs and CNT–Fe2O3.
3.3. Adsorption isotherm model
The results obtained on the adsorption of phenol were ana-
lyzed by the Langmuir and Freundlich models. The maximum
adsorption capacity determined at optimum set of parameters,
was used for these adsorption isotherm models. The linear
form of Langmuir isotherm is given by Eq. (3), while a plot
of Ce/Qe against Ce. The maximum adsorption capacity (Qm)
and adsorption intensity were determined from the slope and
intercept of the straight line [9,13–16,24–41].
It is interesting to note that a good straight line with a high
correlation coefﬁcient (99.6%) was obtained for CNF–Fe2O3
compared to raw CNFs (98.3%). This shows that impregna-
tion of CNFs has improved the surface homogeneity and
Fe2O3 nanoparticles were uniformly distributed on the CNF
surface.
The adsorption data of phenol were also analyzed by
Freundlich model. Based on the Freundlich isotherm model
given by the Eq. (4), a plot of logQe against logCe was gener-
ated, which clearly shows the deviation of data from the
straight line suggested by the Freundlich model. However,
the Freundlich constants, KF and n; were determined from
the best-ﬁt line. The adsorption behavior of adsorbent was best
described by the Langmuir adsorption model as compared to
the Freundlich model, as shown by their correlation coefﬁcient
values in Table 2.
Figure 5 Effect of initial concentration on phenol adsorption using CNFs, CNF–Fe2O3 CNTs and CNT–Fe2O3.
Table 2 Parameters of Langmuir and Freundlich adsorption isotherm models.
Adsorbent Langmuir Freundlich
Qm (mg/g) KL (L/mg) R
2 n KF R
2
CNFs 0.842 2.114 0.983 8.621 0.5888 0.837
CNF–Fe2O3 1.684 7.156 0.996 2.747 0.995 0.568
CNTs 1.098 2.4034 0.966 9.615 0.861 0.787
CNT–Fe2O3 2.778 6.545 0.994 3.906 1.774 0.660
518 H.A. Asmaly et al.The adsorption capacities, as determined by the Langmuir
isotherm model were 1.684 and 0.842 mg/g for raw CNFs
and CNF–Fe2O3, respectively. The higher adsorption capacity
of CNF–Fe2O3 is due to its higher surface areas and more
adsorption sites than the raw CNFs. The above analysis also
indicates that phenol ions were strongly adsorbed to the sur-
faces of the CNF–Fe2O3 suggesting that impregnation of
CNFs Fe2O3 have great impact on the adsorption of phenol
ions from water.
The results obtained on the adsorption of phenol were ana-
lyzed by the Langmuir and Freundlich models. The maximum
adsorption capacity determined at optimum set of parameters,
was used for these adsorption isotherm models. The linear
form of Langmuir isotherm is given by Eq. (3), while a plotof Ce/Qe against Ce. The maximum adsorption capacity (Qm)
and adsorption intensity were determined from the slope and
intercept of the straight line [9,14,17,26]. It is interesting to
note that a good straight line with a high correlation coefﬁcient
(99.6%) was obtained for CNT–Fe2O3 compared to raw CNTs
(96.6%). This shows that impregnation of CNTs has improved
the surface homogeneity and Fe2O3 nanoparticles were
uniformly distributed on the CNT surface.
The adsorption data of phenol removal by CNTs were also
analyzed by Freundlich model. Based on the Freundlich iso-
therm model given by the Eq. (4), a plot of logQe against
logCe was generated, which clearly shows the deviation of data
from the straight line suggested by the Freundlich model.
However, the Freundlich constants, KF and n; were determined
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was best described by the Langmuir adsorption model as com-
pared to the Freundlich model, as shown by their correlation
coefﬁcient values in Table 2.
The adsorption capacities, as determined by the Langmuir
isotherm model were 1.098 and 2.778 mg/g for raw CNTs
and CNT–Fe2O3, respectively. The higher adsorption capacity
of CNT–Fe2O3 is due to its higher surface areas and more
adsorption sites than the raw CNTs. The above analysis also
indicates that phenol ions were strongly adsorbed to the sur-
faces of the CNT–Fe2O3 suggesting that impregnation of
CNTs Fe2O3 has great impact on the adsorption of phenol
ions from water.
4. Conclusion
The potential of raw and ferric oxide impregnated carbon
ﬁbers, carbon nanotubes as adsorbents for phenol removal
from aqueous solution was successfully demonstrated. The
adsorbents were characterized by SEM, TGA, XRD and
BET. The surface area was 40.7, 72.4, 155.5 and 227.5 m2/g
for raw CNFs, CNF–Fe2O3, CNTs, and CNT–Fe2O3, respec-
tively. The phenol removal efﬁciency of the materials was
investigated under optimum solution parameters, such as
pH, shaking speed, adsorbent dosage, contact time and initial
phenol concentration. The optimum removal from the aque-
ous solution was achieved at pH 7, 150 rpm shaking speed,
200 mg dosage, 150 min contact time and 2 ppm initial phenol
concentration. The data from the phenol adsorption behavior
of the carbon based adsorbents were best ﬁtted by the
Langmuir adsorption isotherm model, with correlation coefﬁ-
cients of 96.8%, 97.9%, 96.1% and 99.4% for CNF, CNF–
Fe2O3, CNTs and CNT–Fe2O3, respectively. The adsorption
capacities, as determined by the Langmuir isotherm model
were 0.842, 1.684, 1.098 and 2.778 mg/g for raw CNFs,
CNF–Fe2O3 CNTs, and CNT–Fe2O3, respectively. The higher
adsorption capacity by CNT–Fe2O3 is mainly attributed to
additional adsorption sites due to attachment of iron oxide
particles and enhanced interaction to negatively charged
oxygen atoms and phenol ions.Acknowledgment
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